We have used DNA microarray technology and 2-D gel electrophoresis combined with mass spectrometry to investigate the effects of a drastic heat shock from 30
Introduction
The cAMP-mediated pathway is a highly conserved signal transduction pathway (Borges-Walmsley and Walmsley, 2000) , which, in Saccharomyces cerevisiae, controls several processes including cellcycle progression, cell growth and proliferation (Baroni et al., 1994; Tokiwa et al., 1994) , reprogramming of transcription at the diauxic transition (Boy-Marcotte et al., 1996) , mating (Arkinstall et al., 1991) , pseudohyphal morphogenesis (Gimeno et al., 1992; Pan and Heitman, 1999) and metabolism and stress responses (Broach, 1991; Thevelein and Winde, 1999; 
2000)
. It operates via the second messenger cAMP, the only known biochemical role of which is to activate protein kinase A (PKA) (Cannon and Tatchell, 1987; Toda et al., 1987a Toda et al., , 1987b . High activity of PKA in yeast leads to low levels of the storage carbohydrates trehalose and glycogen, low stress resistance due to reduced expression of STRE (stress response element)-controlled genes, aberrant G 0 arrest, poor growth on non-fermentable and weakly fermentable carbon sources and failure of sporulation in diploid cells. Low activity yields the opposite phenotypes, with derepression of STRE-controlled genes leading to high stress resistance, constitutive expression of heat-shock genes, and sporulation of diploid cells in rich media (Broach and Deschenes, 1990; Thevelein, 1992 Thevelein, , 1994 Tatchell, 1993; Ruis and Schuller, 1995) . Two trans-acting factors (Msn2p and Msn4p), negatively regulated by PKA, have been shown to be involved in STRE-mediated gene expression (Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996) . Intracellular levels of cAMP are controlled by cAMP-phosphodiesterases, which catalyse the degradation of cAMP. The genome of S. cerevisiae contains two genes encoding cAMP-phosphodiesterases (PDEs) PDE1 and PDE2 (Sass et al., 1986; Nikawa et al., 1987) . Pde1p, the low cAMP-affinity phosphodiesterase, is an enzyme with K m value of 20-250 µM, which plays a role in controlling glucose and intracellular acidification-induced cAMP signalling (Ma et al., 1999) . The highaffinity cAMP phosphodiesterase Pde2p is an Mg 2+ -requiring, zinc-binding enzyme with a K m for cAMP of 170 nM (Suoranta and Londesborough, 1984; Sass et al., 1986; Wilson and Tatchell, 1988) , which controls the basal cAMP levels in the cell and protects it from interference by extracellular cAMP (Wilson et al., 1993) .
Mutants with a constitutively activated cAMPdependent pathway, especially those resulting from the deletion of PDE2, have been instrumental in determining the numerous roles of cAMP in budding yeast. Recently, we showed that deletion of PDE2 affected a significant number of cell wall genes, including several of previously unknown function, causing a range of cell wall defects (Jones et al., 2003) . Previously it has been reported that a deletion of PDE2 reduced the ability of yeast cells to survive stress conditions such as heat shock and nitrogen starvation (Sass et al., 1986; Wilson and Tatchell, 1988) . When eukaryotic cells are subjected to heat shock, they respond by activating the expression of heat shock genes, utilizing the Msn2p/Msn4p and heat shock transcription factors (Xiao and Lis, 1988; Boorstein and Craig, 1990) . DNA microarrays have been extensively used in experiments investigating responses to environmental changes (Gasch et al., 2000 (Gasch et al., , 2001 Causton et al., 2001) , including mild heat treatment at 37
• C. We have used this technology to determine the changes in the cellular transcriptome after a more drastic heat shock from 30
• C to 50
• C. This experimental condition differentiates between wildtype cells and those with a constitutively activated cAMP pathway, as the former survive, whilst cells of the latter lose almost all viability upon this type of shock (Toda et al., 1985) . We investigated the expression profiles of the wild-type and the pde2 mutant strain compared to their respective heatshocked samples; we also looked at how the two heat-shocked samples compared with one another, allowing us to establish which transcription pattern determines loss of viability in the pde2 mutant. The results of the microarray analysis suggested that ergosterol biosynthesis and carbon source utilization might be potential factors contributing to heat shock survival. These predictions were confirmed by biochemical and phenotypic tests. Of 146 orphan genes (yeast genes of previously unknown function) identified amongst the genes with altered expression levels, 13 were found to be linked to the cAMP pathway, as suggested by the high heat-shock sensitivity phenotype of their respective deletion mutants. The different response to heat shock was manifested at the proteome level as well as revealed by classical proteome analysis using 2-D gel electrophoresis and subsequent mass spectrometry analysis of the majority of the differentially produced proteins. However, there was little if any correlation between transcriptome and proteome expression data.
Methods

Strains and media
Saccharomyces cerevisiae FY23 (Winston et al., 1995) was used as the reference wild-type strain and as the host for the construction of the pde2 mutant DJ28, as previously described (Jones et al., Heat shock response of an S. cerevisiae pde2 mutant 421 2003). BY4741 (MAT a his3 1 leu2 0 met15 0 ura3 0) (ATCC 4040002) was the parental isogenic strain of the mutants in heat-shock-specific genes of previously unknown function, identified in the present study. YPD was used routinely throughout (Sherman et al., 1986) .
Continuous culture conditions
Wild-type and mutant strains were grown in YPD in continuous culture at 30
• C in 2 l fermentors (Applikon Biotechnology) with a 1 l working volume at a dilution rate of 0.1/h. The stirring speed was 750 rpm with an air-flow of 1 l/min. The pH was automatically controlled at 4.5 by the addition of 2.5 M NaOH. Samples were heat shocked at 50
• C for 10 min after control samples were removed from the fermentors. All samples were frozen in liquid nitrogen and stored at −80
• C for further analysis.
Viability and budding index
Viability was calculated as the percentage of cells (CFU) that survived the heat shock compared to the control plate of non-stressed cells. A synchronous culture was set up by addition of 300 µg/ml alpha mating factor (Sigma). Once 95% of cells had arrested in G 1 , cells were released from pheromone arrest by washing three times with water before resuspension in YPD media. These cells were then heat shocked for 10 min at 50
• C at different stages of the cell cycle. The budding index was calculated as the number of cells on which buds could be seen.
Ergosterol test
Percentage ergosterol, in the cells obtained from the chemostat cultures, was determined as described (Arthington-Skaggs et al., 1999) .
RNA extraction, cDNA synthesis and RT-PCR
These conditions were essentially as previously described (Jones et al., 2003) . Briefly, total RNA was extracted using TriZOL reagent (Invitrogen), contaminating DNA was removed by dilution of the RNA sample followed by treatment with DNase I for 30 min at 37
• C, the RNA was then LiClprecipitated and resuspended in RNase-free water. Copy DNA (cDNA) was prepared using 0.5 µg oligo dT and Superscript II (both Invitrogen). RT-PCR conditions were 95
• C for 1 min, 51
• C for 1 min, and 72
• C for 2 min (30 cycles). Control reactions using RNA, as a template, in the PCR ensured that no contaminating DNA was present in the sample.
RNA extraction, cDNA synthesis and labelling for microarray analysis These conditions were essentially as previously described (Jones et al., 2003) . Briefly, cells were frozen in liquid nitrogen and stored at −80
• C until RNA was prepared (Hauser et al., 1998) . Frozen cells were transferred to a pre-cooled Teflon vessel containing a 7 mm tungsten carbide bead and placed into a Micro-Dismembrator (B. Braun Biotech). Total RNA was extracted using TriZOL reagent (Invitrogen) according to the manufacturer's instructions. Single-stranded nucleic acids were precipitated with LiCl and resuspended in DEPC-treated water before synthesis and labelling of cDNA (Hegde et al., 2000) . Labelling efficiency was assessed by visualization on a Storm 860 phosphoimager (Amersham) following agarose gel electrophoresis.
Microarray hybridization and image analysis
Microarrays based on PCR products of all S. cerevisiae open reading frames were manufactured in-house in the Transcriptome Resource Facility of the Consortium for the Functional Genomics of Microbial Eukaryotes (COGEME). The differentially labelled samples were hybridized to the array slides overnight at 42
• C before being washed as described previously (Jones et al., 2003) . All washes were carried out in Coplin jars in the dark at room temperature with agitation. The slides were dried by centrifugation at 3000 rpm. The hybridized arrays were scanned with a GenePix 4000A scanner (Axon Instruments). Artefacts were removed after visual inspection of the spots and the intensity of fluorescence adjusted to the medians.
Microarray data analysis and quality control
To minimize the effect the intrinsic variability involved in this technique has upon the estimates of differential expression, a minimum of eight microarray slides were used for each experiment. These were technical repeats formed by taking aliquots from a single chemostat culture for each experimental condition. Half of the slides involved reciprocal dye labelling, allowing compensation for the differences in preferential incorporation of the two fluorescent labels and their responses to be corrected for statistically. The raw data can be found on the COGEME website: http://www.cogeme.man.ac.uk/DawnsData/ Data2/ Spot selection and normalization of the raw spot intensities were essentially as previously described (Jones et al., 2003) . Briefly, in order to obtain an accurate indication of the proportional changes of gene expression in the mutant compared to the wild-type cells, the biases must be removed from the raw data before useful biological information can be extracted.
The error model given in the equation below expresses the biases that we can remove and we consider to be present in the raw log-ratio M ij for the i th probe in the j th hybridization:
where b 0 and b j represent global (array-wide) biases present in every measured log-ratio. f j (A ij ) represents a bias dependent on the average log intensity A ij Yang et al., 2002) . e j (P i ) and e(S i ) represent spatial and probedependent biases, respectively, and the residual error is denoted by ε ij . We take the remaining residual error ε ij to be dominated by non-systematic experimental error that is characterized only by the particular hybridization j . After removal of the biases, we obtain an estimatex i for the true logratio x i of probe i . Critical values ofx i for each probe, at the 1% significance level (p < 1%), are calculated by re-sampling from the residuals of each hybridization. From this we can identify those genes that we believe to be genuinely differentially expressed between the two labelled populations of mRNA.
2-D polyacrylamide gel electrophoresis
Sample preparation and 1st dimension
Cells obtained from the chemostat cultures were counted using a haemocytometer and 1-2 × 10 9 cells were transferred to a tube containing Red Matrix (Bio101) before being pelleted in a centrifuge. The pellet was resuspended in 160 µl 10 mM Tris (pH 7.5) containing PMSF, pepstatin A, and complete protease inhibitor cocktail with EDTA (Roche), DNase 1 and RNase and beadbeaten in a Mini-Beadbeater 8 at full speed for 5 min. Cell lysis was confirmed under a light microscope. Rehydration solution (8 M urea, 2 M thiourea, 40 mM Tris, 2% (w/v) CHAPS, 1% (v/v) Igepal, 2% (v/v) IPG buffer, 10 mM DTT and bromophenol blue) was then added to the cell lysate and incubated at room temperature for 4-5 h with occasional vortexing. The solution was cleared of cellular debris by brief centrifugation and 450 µl cleared solution was added to each 18 cm Immobiline pH 3-10 NL DryStrip. DryStrips were rehydrated overnight before being focused on an IPGphor Isoelectric Focusing System (Pharmacia) for 80 000 Vh.
2nd Dimension
DryStrips were equilibrated according to the manufacturers' instructions prior to loading on a vertical 12% SDS-polyacrylamide gel and 2nd dimension electrophoresis was carried out according to the manufacturers' instructions. Proteins were visualized by staining with colloidal Coomassie (Sigma) according to the manufacturer's instructions. Consistent spot differences were identified (between at least four independently run gels) and the corresponding spots excised from the gel for mass spectrophotometric analysis. Our definition of a difference in gels was not a quantitative measure of the protein; rather, it was a protein being present or absent from the gel.
Mass spectrometry
Mass spectrometry analysis was performed at the Proteome Resource Facility (PRF-2) of COGEME and was essentially as previously described (Shevchenko et al., 1996) . Briefly, excised spots were incubated in 200 µl 200 mM ammonium acetate solution for 20 min and dehydrated in acetonitrile for 20 min. This process was repeated twice before the spots were dried on a speed vacuum centrifuge. In-gel digestion of the excised proteins was carried out by adding 5-10 µl 7.5 ng/µl trypsin solution in 50 mM ammonium acetate to the gel pieces, and the samples were Heat shock response of an S. cerevisiae pde2 mutant 423 incubated overnight at 37
• C. Supernatants were then removed and 50 µl acetonitrile was added to the gel pieces; after 10 min the supernatants were pooled together and dried on a speed vacuum centrifuge. Samples were desalted using Zip-Tip (Millipore) (following the manufacturer's instructions) and 1 µl desalted sample was mixed with 1 µl matrix and spotted onto the MALDI target. Samples were air-dried at room temperature and analysed using α-cyano-4-hydroxycinnamic acid as the matrix. A Voyager-DE STR (Applied Biosystems, Franingham, MA, USA) was used to generate spectra (the average of 100 shots). The accelerating voltage was 20 000 V, the delay 235 ns and the grid voltage 76%. An external seven-point calibration was used. For digested samples analysed by tandem mass spectrometry, product ion analyses were performed on a QToF I (Waters/Micromass Ltd, Wythenshawe, Manchester, UK). Samples were introduced by glass capillaries, capillary voltage was set at 800 V, cone voltage was 45 V, the set collision voltage was 29 V and argon was used as collision gas at a recorded pressure of 5 × 10 −5 mBar. Data acquisition and processing were controlled via the Masslynx data system.
Results
Heat shock sensitivity is cell cycle-dependent DJ28, a previously generated pde2 mutant isogenic with the wild-type reference strain FY23 (Winston et al., 1995) was used in this study, so that our transcriptome data could be added to the pre-existing transcriptome data generated in the reference genetic background. One of the phenotypic characteristics of this pde2 mutant and, indeed, any other yeast mutant with a constitutively activated cAMP-dependent pathway, is inability to survive heat shock (Sass et al., 1986; Toda et al., 1985) . A quantitative viability study revealed the severity of this phenotype (Figure 1) . Only 1-2% of the pde2 cells were viable after heat shock, compared to 50% of the wild-type cells. Since oscillating cAMP levels have been reported to occur during the cell-cycle of both glucose limited and glucose repressed synchronized cultures (Muller et al., 2003) , we decided to test the theory that only 50% of the wild-type cells survived because of a varying susceptibility to heat shock of cells in the different stages of the cell cycle due to these cAMP-level oscillations. When an α-factor synchronized cell culture of the wild-type strain was subjected to the heat shock (at 30 min intervals from α-factor release), budding cells were much more sensitive than those in G 1 , which could explain the reduced viability of the wild-type strain whose growth was not synchronized in the chemostat culture used (Figure 2 ). Different transcriptome profiles were revealed for wild-type and pde2 strains after heat shock Three comparisons were carried out in this study on the effects of heat shock in S. cerevisiae. First, the changes in the wild-type's transcriptome due to heat shock from 30
• C were investigated to characterize the normal cellular response. Second, changes during the heat shock were identified in the pde2 mutant, which were expected to represent the effects of a constitutively activated cAMP-dependent pathway on heat shock survival. Finally, comparing heat-shocked wild-type to heat-shocked mutant sample constituted analysis of the end-points. The raw data can be found on http://www.cogeme.man.ac.uk/DawnsData/ Data2/. After applying the normalization algorithms described in Materials, the genes with • C for 10 min. Viability was calculated as the percentage of cells (CFU) that survived the heat shock compared to the control. Each calculation was done in triplicate. Synchronization of the culture was achieved by treatment with 300 µg/ml α mating factor (Sigma). Samples were taken from the synchronized culture after release from the pheromone arrest at indicated time points and subjected to the heat shock altered expression levels were categorized according to the Munich Information Centre for Protein Sequences (MIPS) ( Table 1 ). However, it should be emphasized that MIPS assign some of the genes to more than one category and this is reflected in the distribution. A significantly higher proportion of the cell rescue category genes were upregulated (9.3%) after heat shock in the wild-type compared to that of the pde2 mutant (4.7%); perhaps more significantly, when comparing the two end-point experiments the pde2 mutant shows a downregulation of the cell rescue genes of 13.1% compared to the wild-type after heat shock. The protein synthesis category shows a downregulation in the wild-type after heat shock of 5.1% compared to 1.5% in the mutant. The metabolism category includes a higher percentage of upregulated genes in the mutant (14%) in comparison to the wildtype (7.4%). Likewise, there was an increased percentage of downregulated genes in this category (16.2%) in the mutant in comparison to the wildtype (11%). Quantitative RT-PCR was used as an alternative method to validate the transcription levels of some of the differentially expressed genes identified by the microarray experiment. There was generally good agreement between the microarray data and the qRT-PCR data ( Table 2 ).
The transcriptome analysis reveals a set of heat shock survival genes
In order to characterize the factors involved in the mutant's response that determine inability to survive, a subset of genes was identified which corresponds to those genes specific to the heat shock response in the pde2 mutant. By comparing the three sets of data generated in the present study and the dataset obtained previously (Jones et al., 2003) , 421 genes specific to the mutant's response were identified (Table 1 , Supplementary data). Differentially expressed genes that were common to both WT-WT HS and pde2 -pde2 HS were eliminated on the basis of being representatives of a heatshock-specific response, unaffected by cAMP levels. Genes previously identified as pde2 -mutantspecific (Jones et al., 2003) were also eliminated. Therefore, any genes that were found in the WT HSpde2 HS (all genes involved in the wild-type heatshock response have already been eliminated as stated above) or pde2 -pde2 HS , which could not be discounted using the other datasets, were deemed pde2 mutant heat-shock-specific genes with altered expression. The functional categorization of these genes according to the MIPS functional classification is shown in Figure 3 . Almost all functional categories are represented. There is however, a considerably lower contribution of genes with unknown function in comparison to the previously reported cAMP-responsive genes (Jones et al., 2003) .
The extent of heat shock sensitivity is dependent on the carbon source in the medium Eleven of the 18 (Andre, 1995; Kruckeberg, 1996; Nelissen et al., 1997) hexose transporter genes are downregulated in the mutant heat-shock-specific subset of differentially expressed genes. Table 3 shows that GAL2 and MAL11 are also differentially downregulated. HWT1-4, HXT6 and HXT7 are the major hexose transporters in yeast transporting glucose, mannose and fructose (Reifenberger et al., 1995 (Reifenberger et al., , 1997 . These results suggested that the carbon source might have an effect on survival after heat shock. We tested this hypothesis by determining the effect of different carbon sources on the viability of both wild-type and mutant cells after heat shock. There was some variation in the survival of the wild-type strain grown in the presence of different carbon sources in the medium, but only in the case of galactose was it considerably lower than the average of 50% (Figure 4) . In contrast, the survival of the mutant cells varied considerably depending on the carbon source used, ranging from 2-60%. It was equal to or even higher than that of the wild-type after growth on mannose and galactose, respectively.
Deletion of several orphan genes results in heat shock sensitivity
Of the 421 mutant heat-shock-specific differentially expressed genes, 146 (34.7%) were of previously unknown function (orphans). The possible role of these orphans in the cAMP-dependent Figure 3 . Distribution of pde2 mutant heat shock-specific differentially expressed genes according to MIPS functional categories. Differentially expressed genes in the pde2 mutant are divided into upregulated (A) and downregulated (B) genes. Some of the genes are assigned to more than one functional category, and this is reflected in the distribution pathway was investigated by testing the sensitivity to heat shock of their respective deletion mutants in the BY4741 background. The results of the primary screen can be found in Table 2 of the Supplementary data on the COGEME website: http://www.cogeme.man.ac.uk/DawnsData/ Data2/. The second round of screening (Table 4) shows a different degree of sensitivity to heat shock displayed by the deletion mutants in 13 of these orphans. There have been previous reports that YBR266C is involved in endocytosis (Wiederkehr et al., 2001) ; YLR 320W/MMS22 is involved in double-strand break repair (Bennet et al., 2001) ; YCR059C/YIH1 is involved in regulation of amino acid metabolism (Kubota et al., 2000) ; YGR221C/TOS2, is localized on the bud neck, bud tip (Drees et al., 2001 ) and the deletion mutant in YLR052W/IES3 exhibits growth defects on fermentable carbon source (Steinmetz et al., 2002) . For the rest of the orphans (YDR525W-A, YKR049C, YBR226C, YOR376W, YER071C, YHR080C, YLR169W and YOR131C) there are no data available in the database. It would appear that, apart from the reported viability of their respective systematic deletion mutants (Giaever et al., 2002) , our observation of heat shock sensitivity is the first phenotype ascribed to these mutants.
Ergosterol biosynthesis contributes to heat shock sensitivity
A large number of genes involved in ergosterol biosynthesis were amongst the differentially expressed genes (Table 5) . Alteration in the expression of these genes could be observed in all of the comparisons made. The microarray data would predict that there would be differences in the ergosterol contents of the wild-type and the mutant, which could be a contributing factor to their different levels of survival after heat shock. A relationship between ergosterol content and resistance to heat stress has been observed previously (Swan and Watson 1998) . In order to test this microarray data prediction, we measured the percentage of ergosterol in each of the cell samples before Figure 4 . Effect of carbon sources on heat shock survival. FY23 (WT) and DJ28 (pde2 ) were grown on YP supplemented with different carbon sources and their survival after heat shock at 50
• C for 10 min was determined as the percentage of cells (CFU) that survived the heat compared to the control. Each calculation was done in triplicate and after heat shock. The percentage of ergosterol was slightly reduced in the pde2 mutant before heat shock, but was almost double that found in the wild-type after heat shock (Table 6 ). Differences between heat-shocked samples were also apparent at the level of the proteome Cellular proteins were isolated and separated using classical 2-D gel electrophoresis to determine the state of the yeast proteome after the heat shock, and compare it with that of the transcriptome. Twentythree differentially produced protein spots (identified consistently on four independently run gels) were taken for MS and/or MS-MS identification of corresponding proteins (see Methods). Thirteen of them were unambiguously identified ( Table 7) . One of them, encoded by TPI1, was identified in two different spots, as shown by the presence of the multiple ions bearing the same mass : charge ratio. This was most likely a result of phosphorylation differences, as homologues of the same protein can migrate differently on the gel because of different pIs. It is known that phosphorylation decreases the pI of a protein. The proteins identified are amongst some of the highly abundant proteins in yeast (Ghaemmaghami et al., 2003) . Several additional spots were also characterized and found to represent degradation fragments of Wrs1p, Ssa1p (in two spots), and Tdh3p (in three spots), an observation which suggests that part of the cell proteins are degraded during the drastic heat shock from 30 • C to 50
• C applied in the present investigation. Interestingly, only one of these degradation products (a fragment of Wrs1p) was identified from the wildtype heat shock sample. The rest were all isolated from the mutant samples. Comparing the transcriptome data with the proteome results revealed that only some of the differentially produced proteins were encoded by genes that were accordingly differentially expressed. These included ILV5, ENO1, (Gasch et al., 2000; Causton et al., 2001) . Adaptation of gene expression allows cells to survive sudden changes in the environment and provides the ability to resume normal growth upon return to more favourable conditions. Mutants with a constitutively active cAMP-dependent pathway, such as those arising from deletion of PDE2, or a constitutively activated RAS2 allele (RAS2 Val19 ), are highly sensitive to a brief heat shock treatment at 50
• C (Sass et al., 1986; Toda et al., 1985) . Following such a treatment, pde2 mutant cells lose viability, whilst a significant proportion, but not all of the wild-type cells, survive (Figure 1 ).
To our knowledge there have been no previous attempts to characterize the transcriptome and proteome of wild-type and pde2 cells subjected to a drastic heat shock. Our results suggest several factors, which appear to contribute towards survival upon such heat shock. Survival depends on the cell cycle phase, with cells in the budding phases (S-G 2 , G 2 and G 2 -M) being highly susceptible to high temperature heat shock. This effect could be due to differences in cAMP levels as cell cycle-mediated cAMP oscillation (about two-fold increase at the peak) has been reported for both glucose-limited and glucose-repressed synchronized cultures (Muller et al., 2003) ; the highest cAMP levels were observed in cells in S-G 2 and G 2 -M cell cycle phases. The asynchronization in the original culture used in the shock experiment could explain the 50% survival in the wild-type cells.
Our study shows for the first time that the utilization of different carbon sources in the medium also has an effect on subsequent survival upon high-temperature heat shock. The pde2 mutant survived the heat shock to a greater extent if pre-grown on a non-fermentable carbon source such as glycerol (Figure 4) . Constitutive activation of the cAMP-dependent pathway gives rise to high activity of PKA, leading to poor growth on non-fermentable and weakly fermentable carbon sources. It is therefore reasonable to assume that the pde2 mutant survives heat shock better after prior growth on a non-fermentable carbon source because the cells are not growing optimally and are, therefore, less susceptible to heat shock than the pde2 cells growing on glucose. The observation that the pde2 mutant shows downregulation in 11 of the 18 genes encoding hexose transporters (Andre, 1995; Kruckeberg, 1996; Nelissen et al., 1997) , combined with the fact that MAL11 is also downregulated, could suggest an attempt to slow down growth in order to increase the chance of survival. Previously it has been shown that constitutive activation of the cAMP-dependent pathway inhibits maltose utilization by reducing both the transcription and activity of the maltose permease encoded by MAL11 (Wanke et al., 1997) . Downregulation of this gene would be expected under normal conditions of growth; however, there is no evidence of this. Previously, no differential expression of the MAL11 gene before heat shock was observed. The mechanisms which, during heat shock, increase the downregulation of the gene are at present unknown.
Heat stress has been reported to affect membrane-associated processes (Piper, 1995) . Swan and Watson (1998) observed a relationship between increased ergosterol content and resistance to heat stress. The changes in ergosterol composition triggered by the heat shock suggest that the pde2 mutant is trying to utilize alternative methods to survive. This may be because it cannot induce the normal heat shock response due to the constitutive activation of the cAMP-dependent pathway causing negative feedback of the STRE-response elements.
There were several differentially produced proteins as revealed by the analysis of the proteome after heat shock. Protein degradation products were also identified and, with only one exception, the majority of them were in the mutant heat-shocked sample. Moreover, 10 of the 12 intact identified proteins were from the WT HS sample. As they corresponded to missing proteins from the mutant heat shock sample, it seems reasonable to speculate that they had been lost due to degradation. As degradation occurred predominantly in the mutant sample, it is highly unlikely that it was a result
